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Attenuation of cGAS-STING signaling is mediated
by a p62/SQSTM1-dependent autophagy pathway
activated by TBK1
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Abstract

Negative regulation of immune pathways is essential to achieve
resolution of immune responses and to avoid excess inflammation.
DNA stimulates type I IFN expression through the DNA sensor
cGAS, the second messenger cGAMP, and the adaptor molecule
STING. Here, we report that STING degradation following activa-
tion of the pathway occurs through autophagy and is mediated by
p62/SQSTM1, which is phosphorylated by TBK1 to direct ubiquiti-
nated STING to autophagosomes. Degradation of STING was
impaired in p62-deficient cells, which responded with elevated IFN
production to foreign DNA and DNA pathogens. In the absence of
p62, STING failed to traffic to autophagy-associated vesicles. Thus,
DNA sensing induces the cGAS-STING pathway to activate TBK1,
which phosphorylates IRF3 to induce IFN expression, but also phos-
phorylates p62 to stimulate STING degradation and attenuation of
the response.
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Introduction

Stimulus-dependent activation of immune responses is essential to

achieve optimal tempo-spatial immune activities at sites of infection

and to avoid tissue damage. To control immune reactions, cells

harbor regulatory mechanisms that down-modulate immune-

stimulatory signals (Chiao et al, 1994; Starr et al, 1997; Liew et al,

2005; Patel & Garcia-Sastre, 2014; Paludan, 2015). These mechanisms

are important to avoid excess inflammation as evidenced by auto-

inflammatory diseases in patient with loss-of-function mutations in

genes encoding immune-regulatory proteins (Crow & Manel, 2015).

Cytosolic DNA is highly immune-stimulatory and is detected by a

panel of sensors to stimulate production of type I interferon (IFN)s,

interleukin 1b, and activation of death pathways (Hornung et al,

2009; Unterholzner et al, 2010; Sun et al, 2013; Monroe et al,

2014). Cyclic GMP-AMP (cGAMP) synthase (cGAS) is the key

cytosolic DNA sensor that stimulates the IFN induction pathway (Li

et al, 2013; Sun et al, 2013). Upon DNA binding, cGAS synthesizes

2030 cGAMP, which binds the adaptor protein stimulator of IFN

genes (STING) and induces a conformational change in the STING

dimer, thus enabling recruitment and activation of the tank-binding

kinase (TBK)1 and the transcription factor IFN regulatory factor

(IRF)3 (Paludan & Bowie, 2013). The induction of type I IFNs by

DNA is essential for defense against virus infections and for anti-

cancer immunity (Ishikawa et al, 2009; Li et al, 2013; Schoggins

et al, 2013; Deng et al, 2014; Woo et al, 2014; Reinert et al, 2016).

However, pathological roles have also been ascribed to type I IFNs
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in bacterial infections and in chronic viral infections (Auerbuch

et al, 2004; Teijaro et al, 2013). Most notably, excess activation of

the cGAS-STING pathway is associated with auto-inflammatory

diseases, including Aicardi–Goutiéres Syndrome and systemic lupus

erythematosus (Crow & Manel, 2015; Gall et al, 2012; Gao et al,

2015). To keep the cytoplasm clear of DNA, cells use the DNase

Trex1 and the autophagy machinery (Stetson et al, 2008; Liang

et al, 2014). There are also reports demonstrating a role for compo-

nents of the autophagy pathway in negative regulation of STING-

dependent signaling (Saitoh et al, 2009; Konno et al, 2013). It is

known that STING is turned over following stimulation of signaling

(Konno et al, 2013), and although this is believed to be central for

negative control of the pathway, there is limited knowledge on the

events that govern STING turnover.

Activation of the cGAS-STING pathway occurs on membranous

surfaces. STING is an endoplasmic reticulum (ER)-resident protein

in the resting state (Paludan & Bowie, 2013). Following stimulation,

STING traffics to the Golgi and ER-Golgi intermediate compartments

(ERGIC) where TBK1 is recruited and the STING signalsome is acti-

vated including phosphorylation of STING and IRF3 (Saitoh et al,

2009; Dobbs et al, 2015; Liu et al, 2015). Eventually, STING can be

found in speck-like structures (Ishikawa et al, 2009), which remain

uncharacterized with respect to their nature and also potential roles

in termination of STING signaling activity. It has been reported that

these structures co-localize with autophagosome components, but

previous studies found the formed membranes to be single bilayer

vesicles, and not double bilayer membranes, as in autophagosomes

(Saitoh et al, 2009). Recently, it was reported that STING mediates

autophagy of the ER to release organelle stress, thus promoting

antibacterial immunity and survival after infection (Moretti et al,

2017). While autophagy can be non-selective, there are receptors

that can bind specific molecules and target them for autophago-

somes (Levine et al, 2011). One important class of selective auto-

phagy receptors bind and target ubiquitinated proteins to

autophagosomes by interaction with LC3 through their LC3-binding

region. Since ubiquitin is used extensively in activation of signals by

pattern recognition receptors there is potential for crosstalk between

the signals that stimulate immune signaling and the autophagy

machinery (Gack et al, 2007; Damgaard et al, 2012; Wang et al,

2014).

Here, we report that the ubiquitin-binding selective autophagy

receptor p62/SQSTM1 is essential for DNA- and cGAMP-stimulated

degradation of STING. STING in turn is ubiquitinated through K63

linkage and recruited to p62-positive compartments. This proceeds

through a pathway where TBK1 phosphorylates p62 in an IRF3-

dependent but transcription independent manner, which increases

ubiquitin-binding affinity of p62. Consequently, STING is not

degraded in p62-deficient cells, which produce elevated levels of

type I IFN and IFN-stimulated genes (ISG)s. Thus, p62 is essential

for targeting of STING for autophagosomal degradation following

stimulation of the cGAS-STING pathway.

Results

DNA-stimulated turnover of STING occurs through autophagy

Cytosolic DNA leads to degradation of STING (Konno et al, 2013).

This was observed in both murine and human cells following stimu-

lation with dsDNA or cGAMP (Figs 1A and EV1A–C) and was also

observed in mice stimulated with the STING agonist DMXAA

(Fig 1B). Defects in proteins of different branches of the autophagy

machinery have been reported to lead to elevated innate response to

DNA (Fig EV1D), but this has been suggested to occur indepen-

dently of autophagy (Saitoh et al, 2009; Konno et al, 2013). When

we tested the impact of another autophagy-related protein, ATG3,

we found that Atg3�/� cells produced significantly elevated levels of

the ISG CXCL10 after stimulation through the STING pathway as

compared to wild-type (WT) cells (Fig 1C). Previous studies had

failed to find DNA-stimulated formation of double-membrane

autophagosomes (Saitoh et al, 2009). However, under our experi-

mental conditions, we found that DNA stimulation led to increased

cytoplasmic levels of (i) electron-dense vesicles resembling endo-

somes or lysosomes with single outer membrane (Figs 1D–F and

▸Figure 1. DNA-stimulated turnover of STING occurs through autophagy.

A WT and Stinggt/gt MEFs were treated with dsDNA (4 lg/ml) for the indicated time interval, and lysates were immunoblotted for STING, LC3, and b-actin.
B cGas�/� mice were treated with DMXAA (500 mg/mouse) for the indicated time interval, and spleen lysates were immunoblotted for STING and b-actin.
C WT and Atg3�/� MEFs were treated with dsDNA (4 lg/ml) or 2030 cGAMP (4 lg/ml) for 18 h, and supernatants were harvested and analyzed for levels of CXCL10.
D, E Electron microscopy of glutaraldehyde-fixed cells treated with Lipofectamine (mock) or transfected with dsDNA (4 lg/ml) for 8 h. Panel (E) represents 10×

magnifications of selected areas of the DNA-stimulated cells. Red arrowheads highlight electron-dense vesicles in DNA-stimulated cells. Scale bars: 2 lm (D);
250 nm (E).

F Stereological analysis of data shown in panels (D, E). The graph is based on quantification of at least 35 cell profiles per group.
G Electron microscopy of glutaraldehyde-fixed cells transfected with dsDNA (4 lg/ml) for 8 h. Red arrowheads highlight double-membrane characteristic for

autophagosomes. Scale bar: 250 nm.
H Stereological analysis of data shown in panel (G). The graph is based on quantification of at least 35 cell profiles per group.
I WT and Ulk1/2�/� MEFs were treated with dsDNA (4 lg/ml) for the indicated time interval, and lysates were immunoblotted for pULK1 S555, ULK, STING, and b-

actin.
J Control, cGAS KO, and STING KO THP1 cells were treated with dsDNA (4 lg/ml) for the indicated time interval, and lysates were immunoblotted for cGAS, STING,

pTBK1, pULK1, and b-actin.
K WT and Ulk1/2�/� MEFs were treated with dsDNA (4 lg/ml) or 2030 cGAMP (4 lg/ml) 18 h, and supernatants were harvested and analyzed for levels of CXCL10.
L MEFs were transiently transfected with STING-mCherry and LC3-EGFP, treated with DMXAA (100 lg/ml), and imaged live with wide-field microscopy.

Representative image sequence of STING-mCherry and LC3-EGFP is shown as inverted contrast. Arrowheads point to LC3-EGFP recruitment to STING-mCherry
compartments. Scale bar: 5 lm.

M WT and Atg3�/� MEFs were treated with dsDNA (4 lg/ml) for the indicated time interval, and lysates were immunoblotted for STING, pTBK1, LC3, and b-actin.

Data information: The data in panels (C, F, H, K) are presented as means � s.d. *0.01 < P < 0.05; **0.001 < P < 0.005; ***P < 0.001.
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EV1E), and (ii) double-membrane vesicles containing membranous

structures (Figs 1G and H, and EV1F). Consistent with previous

reports (Saitoh et al, 2009; Konno et al, 2013), treatment with DNA-

or cGAMP-stimulated dephosphorylation at serine 555 of ULK1,

which is an important component of the autophagy initiation

complex (Figs 1I–K, and EV1G and H), as well as LC3-I to LC3-II

conversion, and recruitment of LC3 to STING foci (Figs 1A and

EV1I). Moreover, time-lapse fluorescence microscopy revealed that
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LC3 was recruited to the STING-positive vesicles that accumulated

after stimulation with DMXAA (Figs 1L and EV1J; Movie EV1).

Finally, we examined the effect of inhibition of autophagy on DNA-

stimulated STING degradation. Importantly, STING was not

degraded after DNA stimulation in Atg3�/� cells (Fig 1M), and this

process was significantly delayed in Ulk1/2�/� cells in agreement

with previous reports (Fig 1J; Hu et al, 2016; Konno et al, 2013).

Moreover, inhibition of autophagy at different steps by 3-methylade-

nine and Bafilomycin A1, but not inhibition of the proteasome,

impaired stimulation-induced degradation of STING (Fig EV1K–M).

Bafilomycin A1 treatment furthermore augmented DNA-induced

CXCL10 production (Fig EV1N). Collectively, stimulation of the

cGAS-STING pathway leads to activation of several markers of

autophagy and inhibition of autophagy impairs DNA-stimulated

degradation of STING.

The selective autophagy receptor p62/SQSTM1 exerts negative
control of the cGAS-STING pathway

Ubiquitination is involved in both proteasomal and autophagosomal

degradation of proteins, and STING is ubiquitinated at specific resi-

dues to promote both activation and negative regulation (Zhong

et al, 2009; Tsuchida et al, 2010; Zhang et al, 2012; Wang et al,

2014; Ni et al, 2017). To examine whether specific types of ubiqui-

tin-linkage accumulated around STING after DNA treatment, stimu-

lated cells were stained with antibodies specific for K63- and K48-

linked ubiquitin chains. The well-described trafficking of STING to

specific specks was clearly observed, and there was a strong co-

localization with total ubiquitin, K63-linked ubiquitin, and to a

modest extent with K48-linked ubiquitin (Figs 2A and B, and EV2A,

Appendix Table S1). The observed positive STING signal by micro-

scopy 8 h after stimulation is in contract to the very low STING

levels observed at the same time points by Western blotting. This

discrepancy is currently not explained. One contributing factor

could be that STING degradation products in autophagosomes may

be detected by microcopy but not Western blotting.

A family of receptors is known to selectively target ubiquitinated

proteins for autophagy, through their molecular architecture with

both an LC3-interacting region and a ubiquitin-binding domain

(Fig EV2B). Four of these selective autophagy receptors are p62/

SQSTM1, NBR1, NDP52, and optineurin (OPTN). All four receptors

were expressed in THP1 cells, and p62 and OPTN were also

degraded in response to DNA (Fig 2C). In addition, we observed a

pronounced relocalization of p62, and to a lesser extent also OPTN,

NBR1 and NDP52, to the same areas as STING upon stimulation

(Fig 2D–G, Appendix Table S1). Thus, p62 was strongly localized to

the same areas as STING after DNA stimulation, and p62 and OPTN

were degraded following DNA stimulation.

In order to examine the role of p62 in regulation of DNA-

stimulated IFN responses, we compared expression of IFNb and

CXCL10 in WT versus p62�/� cells. Interestingly, MEFs lacking

p62 induced significantly elevated levels of IFNb and ISGs after

stimulation with DNA or cGAMP (Fig 2H–J). Although NBR1 and

OPTN also co-localized with STING, cells deficient in either

autophagy receptor did not exhibit elevated expression of CXCL10

after stimulation with DNA or cGAMP (Fig EV2C and D). Optn�/�

MEFs even exhibited reduced signaling and CXCL10 expression

after stimulation of STING (Fig EV2D and E), consistent with a

previous report on OPTN being required for optimal activation of

TBK1 (Gleason et al, 2011). The p62-mediated negative regulation

of DNA-stimulated IFN responses was independent of HDAC6

(Fig EV2F), which is involved in p62-dependent degradation of

aggresomes (Kirkin et al, 2009). To examine the role of p62 in

regulation of the cGAS-STING pathway in human cells, we gener-

ated p62 KO THP1 cells (Fig EV2G and H). As in MEFs, THP1

cells lacking p62 induced expression of the ISG CXCL10 to a

much higher extent than control cells after stimulation with DNA

or cGAMP (Figs 2K and EV2I). Human foreskin fibroblasts also

responded with higher DNA-driven IFN/ISG expression after

depletion of p62 expression (Fig EV2J and K). A detailed analysis

of the kinetics of CXCL10 induction in MEFs and THP1 cells

revealed that the elevated response in p62-deficient cells was

more pronounced at later time points after stimulation (Fig EV2L

and M), thus suggesting a role for p62 in negative feedback

rather than constitutive control.

Finally, p62 was found to interact constitutively with STING and

also with the activation-induced phosphorylated form of STING

(Fig 2L). Although this interaction appeared not to be augmented

after DNA stimulation, inhibition of autophagy revealed more

STING-p62 co-immunoprecipitation in stimulated cells (Fig 2M).

▸Figure 2. The selective autophagy receptor p62/SQSTM1 exerts negative control of the cGAS-STING pathway.

A, B WT MEFs were stimulated with dsDNA (4 lg/ml). The cells were fixed 8 h later and stained with antibodies against total ubiquitin or K63-linked ubiquitin. Scale
bars: 5 lm.

C THP1 cells were stimulated with dsDNA (4 lg/ml) for 8 h, and lysates were immunoblotted for p62, NBR1, OPTN, and NDP52.
D–G WT MEFs were stimulated with dsDNA (4 lg/ml). The cells were fixed 8 h later and stained with antibodies against total p62, OPTN, NDP52, or NBR1. Scale bars:

5 lm.
H, I WT and p62�/� MEFs were stimulated with dsDNA (4 lg/ml) or 2030 cGAMP (4 lg/ml). Total RNA and supernatants were harvested 6 and 18 h later, respectively,

and levels of Ifnb and CXCL10 were measured.
J The RNA analyzed in panel (H) was also subjected to a wider examination of ISGs by Fluidigm. The data are presented as a heatmap with each color representing

the mean of triplicate measurements.
K Control and p62 KO THP1 cells were stimulated with dsDNA (4 lg/ml) or 2030 cGAMP (4 lg/ml). Supernatants were harvested 18 h later, and levels of CXCL10 were

measured.
L, M THP1 cells were left untreated or stimulated with dsDNA (4 lg/ml) for 4 h in the presence or absence of 3MA (5 mM). p62 was immunoprecipitated from whole-

cell lysates, and levels of STING, TBK1, and p62 in the precipitates were evaluated by immunoblotting.
N THP1 cells were stimulated with dsDNA (4 lg/ml) or 2030 cGAMP (4 lg/ml). The cells were fixed 8 h later and stained with antibodies against p62, K63-linked

ubiquitin, and STING. Scale bar: 5 lm.
O THP1 cells were stimulated with dsDNA (4 lg/ml) for 8 h and stained with antibodies against STING, p62, and beclin-1. Scale bar: 5 lm.

Data information: The data in panels (H, I, K) are presented as means of 3–5 replicates � s.d. **0.001 < P < 0.005; ***P < 0.001.
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Moreover, blotting with anti-TBK1 demonstrated that TBK1 was

recruited to p62 following DNA stimulation. Confocal microscopy

revealed that the p62-STING co-localizing regions, induced by either

DNA or cGAMP, also abundantly contained K63-linked ubiquitin

(Fig 2N).

Since DNA also stimulates an autophagy pathway dependent on

cGAS and beclin-1, but independent of STING (Liang et al, 2014),

we wanted to explore whether p62 is recruited to proteins of both

DNA-stimulated autophagy pathways. We observed that p62 co-

localizes with both STING and beclin-1, which generally showed
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only limited overlapping staining (Fig 2O). Consistent with this, we

observed STING-p62 foci negative for beclin-1. p62 was recently

reported to be involved in the regulation of cGAS (Chen et al,

2016). Following DNA stimulation, cGAS strongly co-localized with

DNA, and we observed p62 to exhibit some degree of co-localization

with these areas, although p62 was mainly associated with areas

positive for STING and negative for cGAS (Fig EV2N). Thus, p62

interacts with STING and exerts negative control of the cGAS-STING

pathway.

STING is degraded in a p62-dependent manner correlating with
its ubiquitination

Given the elevated induction of IFN and ISGs by DNA and cGAMP

in p62-deficient cells, we were interested in examining the activa-

tion of the STING pathway. As expected, DNA stimulation led to

phosphorylation of TBK1 and IRF3 in WT human and murine cells.

Importantly, the phosphorylation of TBK1, STING, and IRF3 was

stronger in p62-deficient cells (Figs 3A and EV3A). When probing

for STING, we observed that turnover of STING was abolished after

DNA stimulation in p62-deficient THP1 cells (Fig 3A), and delayed

in p62�/� MEFs, where we also observed higher basal levels of

STING (Fig EV3A). Reconstitution of WT p62 expression in p62-

deficient MEFs and THP1 cells enabled these cells to degrade STING

after DNA stimulation and reduced DNA-induced CXCL10 expres-

sion (Fig 3B–E, and EV3B and C). Moreover, expression of p62 in

STING-transfected HEK293 cells reduced the levels of STING

(Fig EV3D). Since p62 binds ubiquitinated proteins, we next evalu-

ated whether STING was ubiquitinated after DNA stimulation as

reported (Zhong et al, 2009; Tsuchida et al, 2010; Zhang et al,

2012; Wang et al, 2014; Ni et al, 2017). Treatment with DNA

induced clear K63-linked, but not K48-linked, ubiquitination of

STING (Fig 3F–H). To examine whether STING ubiquitination was

important for STING-p62 interaction, we expressed TRIM56 in

HEK293T cells, and observed elevated ubiquitination of STING as

reported previously (Tsuchida et al, 2010; Fig 3I). Importantly, the

STING ubiquitination was accompanied by elevated p62-STING co-

immunoprecipitation (Fig 3I), thus suggesting that ubiquitination of

STING augments the association between STING and p62. Collec-

tively, these data show that p62 is essential for stimulation-induced

degradation of STING, which correlates with STING K63 ubiquitina-

tion.

STING fails to traffic to lysosome-associated compartments in
p62-deficient cells

To further characterize the nature, origin, and subcellular localiza-

tion of the compartment containing p62 and STING in DNA-stimu-

lated cells, we used confocal microscopy to detect endogenous

proteins. Following stimulation of the cGAS-STING pathway, the

p62-STING double-positive compartments were observed to co-loca-

lize with TBK1, LC3, and ATG9a (Figs 4A and B, and EV4A). The

p62-STING compartments in DNA-stimulated cells also co-localized

with markers for Golgi and ERGIC, and to a lesser extent the ER

(Fig 4C–E). This suggests that the p62-STING compartments contain

material derived from these organelles, but is not localized in the

organelles. Electron microscopy showed that the electron-dense

endosome/lysosome-like structures that accumulated following

DNA stimulation localized in close proximity to ER structures

(Fig 4F).

In order to evaluate the role of p62 in the assembly of the subcel-

lular structures, we compared the staining of control and p62-defi-

cient THP1 cells for markers of different steps in the activation-

regulation pathway. Strikingly, the characteristic localization of

STING in speck-like patterns in DNA-stimulated cells was much less

abundant in p62-deficient cells (Fig 4G–I). Consequently, phospho-

TBK1 in the STING-containing regions was detectable to a lower

level in p62-deficient cells (Figs 4G and EV4B, Appendix Table S1).

Interestingly, the speck-like STING-positive structures that did not

develop to the same extent in p62-deficient cells were highly posi-

tive for LC3 and the lysosome marker LAMP1 (Figs 4H and I, and

EV4C and D, Appendix Table S1). Thus, p62 is essential for engag-

ing STING with the autophagy machinery following DNA stimula-

tion and mediating transport to lysosome-associated compartments.

TBK1 and IRF3 are essential for DNA-stimulated degradation
of STING

TBK1 is essential for DNA-stimulated IFN induction (Ishii et al,

2006), through phosphorylation of IRF3 in the STING signaling

complex (Tanaka & Chen, 2012). In addition, TBK1 has been

reported to phosphorylate p62 at S403, hence increasing the affinity

of p62 for ubiquitin chains (Pilli et al, 2012). Interestingly, we found

that stimulation with DNA or cGAMP elevated the levels of phos-

pho-p62 in control but not TBK1-deficient human and murine cells

(Figs 5A and EV5A–C). The accumulation of K63-linked ubiquitin

chains in STING-positive compartments occurred to an elevated

extent in TBK1-deficient cells suggesting a role for the kinase in

negative regulation of ubiquitinated STING (Fig EV5D). Consistent

with this, STING was not degraded in TBK1-deficient cells following

DNA stimulation (Fig 5A). TBK1 was recruited to p62 after STING

stimulation (Fig 2L), and p62 and phospho-TBK1 showed significant

co-localization in stimulated cells (Fig 5B, Appendix Table S1). To

specifically examine the role of p62 S403 phosphorylation in STING

turnover, we reconstituted p62 KO THP1 cells with WT and S403A

p62 (Fig EV3B) and examined for STING degradation and CXCL10

induction. Importantly, reconstitution with p62 S403A did not

restore the ability to degrade STING and to control CXCL10 produc-

tion (Fig 5C and D).

IRF3 is downstream of TBK1 in the IFN induction pathway, and

we wanted to explore whether IRF3 was also involved in mediating

activation-induced degradation of STING. Surprisingly, like TBK1-

deficient cells, IRF3-deficient cells also failed to degrade STING

following DNA stimulation despite activation of TBK1 (Fig 5E and

F). This correlated with lack of phosphorylation of p62 in the

cells lacking IRF3. IRF3 translocates to the nucleus following

phosphorylation, but we noted that the cytoplasmic pool of

phosphorylated IRF3 co-localized with p62 and STING (Fig EV5E,

Appendix Table S1). The role of IRF3 in p62 phosphorylation and

STING degradation could be mediated as a scaffolding protein or

through its function as a transcription factor. Therefore, we exam-

ined whether DNA-stimulated turnover of STING still occurred in

cells lacking the IFN-a/b receptor or harboring a transcriptionally

inactive mutant form of IRF3, by replacement of Serine 288 and Ser

390 with alanine (Fig EV5F; Chattopadhyay et al, 2016). Although

DNA-stimulated degradation of STING was dependent on IRF3, it
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was independent of the transcriptional activity of IRF3, as evidenced

by retained STING degradation in Irf3s1/s1 cells, and also of the

biological function of type I IFNs (Fig 5G and H). Thus, TBK1 and

IRF3 are both essential for DNA-stimulated degradation of STING.

While TBK1 phosphorylates p62 at S403, which increases the affin-

ity of p62 for ubiquitin chains (Pilli et al, 2012), the mode of action

of IRF3 in STING degradation is not resolved.

Regulation of innate immune responses to DNA pathogens is
dependent on p62

To examine the role of p62 in regulation of innate immune

responses to DNA pathogens, we infected WT and p62�/� MEFs

with murine cytomegalovirus (MCMV) and Listeria monocytogenesis

and measured induction of CXCL10. Similar to what was observed
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Figure 3. STING is degraded in a p62-dependent manner correlating with its ubiquitination.

A WT and p62 KO THP1 cells were stimulated with dsDNA (4 lg/ml) for the indicated time intervals, and lysates were immunoblotted with antibodies specific for the
proteins shown.

B–E Expression of WT p62 in p62 KO THP1 cells and p62�/� MEFs was reconstituted using lentiviral transduction. The cells were stimulated with dsDNA (4 lg/ml) and
evaluated for levels of STING in lysates and CXCL10 in the supernatants 8 and 16 h post-treatment, respectively.
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Data information: The data in panels (D and E) are presented as means of two replicates � s.d. *0.01 < P < 0.05; **0.001 < P < 0.005.
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after stimulation with synthetic DNA, infections with the DNA

pathogens stimulated elevated responses in the p62-deficient cells,

which was associated with impaired degradation of STING and

elevated activation of TBK1 at late time points (Figs 6A and B, and

EV6A–D). Since we observed significantly higher constitutive levels

of STING in p62�/� MEFs compared to WT (Figs 6B and EV3A), we

also wanted to evaluate THP1 cells where this phenomenon was not

observed. Infection with HSV-1 induced a strongly elevated produc-

tion of CXCL10 in p62-deficient cells compared to the control cells,

and STING was not degraded in the infected knockout cells (Fig 6C

and D).

To evaluate the role of p62 in control of the cGAS-STING pathway

in primary human cells, monocyte-derived macrophages were stimu-

lated with DNA and interaction between STING and p62 was

measured. Similar to the observation in THP1 cells, p62 interacted

with STING in primary macrophages, and we also found inducible

recruitment of LC3 to STING after DNA stimulation (Fig 6E). We

managed to achieve strong knockdown of p62 in the primary human

macrophages, and observed that the cells with reduced p62 expres-

sion produced more type I IFN after stimulation with DNA or infec-

tion with HSV-1 (Figs 6F and G, and EV6E–G). In these cells, we also

observed higher constitutive levels of STING and impaired DNA-

induced degradation of STING (Fig 6H). Based on these data, we

conclude that p62 is essential for executing degradation of STING

and attenuation of signaling after infection with DNA pathogens.

Discussion

The immune system is activated in response to alteration of home-

ostasis, as seen during infection, cancer, inefficient elimination of

cellular material, and tissue damage (Kotas & Medzhitov, 2015). In

order to achieve the beneficial effect of an immune response, this

system needs to be tuned for the challenge the organism is facing.

Therefore, signaling by immune receptors should provide informa-

tion on the nature of the challenge, the strength of the required

signal, and the needed duration of the response. In the innate

immune system, ligand-specific activation of PRRs provide informa-

tion on the nature of the challenge, while the concentrations of the

microbe- and host-derived immunostimulatory molecules control

the strength of the signals. In contrast to this, there is currently

much less knowledge on the signals that instigate negative control

of innate immune pathways. Cytosolic accumulation of DNA repre-

sents a danger signal, which stimulates type I IFN production

through the cGAS-STING pathway (Paludan, 2015). In this work,

we demonstrate that attenuation of DNA-stimulated IFN signaling

is dependent on the selective autophagy receptor p62, which

targets ubiquitinated STING for autophagy-mediated degradation

(Appendix Fig S1).

Autophagy is now well established to play important roles in

both activation and regulation of innate and adaptive immune

responses (Levine et al, 2011). Previous reports have suggested that

autophagy components are involved in negative regulation of DNA

signals, although double membranes were not found, thus suggest-

ing a type of non-canonical autophagy (Saitoh et al, 2009; Konno

et al, 2013). We were able to reproduce key data from these studies,

including reduced phosphorylation of ULK1 at S555 and co-localiza-

tion between Atg9a and STING after DNA stimulation. However, in

addition to this, we examined for other markers for different stages

of the canonical autophagy pathway (Klionsky et al, 2016). Using

electron microscopy of glutaraldehyde-fixed DNA-treated cells, we

found that DNA stimulates accumulation of electron-dense lyso-

some-like vesicles, but also larger vesicles with double membranes,

suggesting that cytosolic DNA stimulates lysosomal pathways and

autophagy. In stimulated cells, we found STING to localize to vesi-

cles positive for K63-linked ubiquitin, p62, TBK1, IRF3, ATG9a,

LC3, and LAMP1 as well as markers for ER, Golgi, and ERGIC. With

the observed DNA-induced (i) formation of double-membrane

autophagosomes, (ii) reduced phosphorylation of ULK1 at S555, (iii)

LC3 conversion, (iv) and p62 turnover, together with the essential

role for ATG3 in degradation of STING we conclude that DNA and

cGAMP stimulate a full autophagy pathway, and that STING is

degraded through this pathway to attenuate signaling. Since ULK1

has also been suggested to directly inactivate STING through phos-

phorylation (Konno et al, 2013), our results suggest that autophagy

proteins down-modulate STING activity through both canonical and

non-canonical pathways. This may represent a means to avoid

excess inflammation.

One study has described that DNA stimulates cGAS-dependent

but STING-independent autophagy, through a mechanism involving

direct association between cGAS and beclin-1, thus releasing the

inhibitory interaction with Rubicon (Appendix Fig S1; Liang et al,

2014). We observed in agreement with a previous report that STING

activation directly induces LC3 conversion and reduced phosphory-

lation of ULK1 at S555 (Konno et al, 2013), which occurs in a

manner dependent on AMP-activated protein kinase (Konno et al,

2013). This suggests that DNA stimulates autophagy through two

pathways, both dependent on cGAS, but only one of the pathways

is dependent on STING. The roles and importance of these two

DNA-stimulated autophagy pathways under different conditions

have yet to be clarified. Work by Watson et al has demonstrated

that Mycobacterium tuberculosis activates autophagy in a manner

exhibiting equal dependency on cGAS and STING (Watson et al,

2012, 2015), potentially suggesting the STING-dependent DNA-acti-

vated autophagy pathway to be most important for control of bacte-

rial infections. While the STING-independent autophagy pathway

was shown to mediate degradation of DNA as a means to clear to

cytoplasm for foreign DNA (Liang et al, 2014), we report here that

◀ Figure 4. STING fails to traffic to lysosomal compartments in p62-deficient cells.

A, B MEFs stimulated with dsDNA (4 lg/ml) or 2030 cGAMP (4 lg/ml) for 8 h were fixed and stained with DAPI or antibodies against STING, p62, TBK1, and LC3. Scale
bar: 5 lm.

C–E THP1 cells were left untreated or stimulated with dsDNA for 9 h (4 lg/ml). The cells were fixed and stained with antibodies specific for (C) the ER (calnexin), (D)
Golgi (GM130), or (E) ERGIC (ERGIC-53). Scale bars: 5 lm.

F Electron microscopy of glutaraldehyde-fixed MEFs transfected with dsDNA (4 lg/ml) for 8 h. Scale bar: 500 nm.
G–I Control and p62 KO THP1 cells were stimulated with dsDNA (4 lg/ml) for 8 h and stained with anti-STING and DAPI as well as (G) anti-phospho-TBK1, (H) anti-

LC3, and (I) LAMP1. Images of the single staining are shown in Fig EV4B–D. Scale bars: 5 lm.
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the STING-dependent autophagy pathway directs STING itself for

degradation, in a p62-dependent manner. Our observation that the

constitutive STING levels were higher in MEFs and MDMs lacking

p62, and also observed in Atg3�/� MEFs, suggests that the p62 auto-

phagy pathway is also involved in constitutive turnover of STING.

This was not observed in THP1 cells, where basal STING levels
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Figure 5. TBK1 and IRF3 are essential for DNA-stimulated degradation of STING.

A Control and TBK1 KO cells were stimulated with dsDNA (4 lg/ml) for the indicated time intervals, and lysates were immunoblotted with antibodies specific for the
antigens shown.

B THP1 cells were left untreated or stimulated with DNA for 3 or 9 h (4 lg/ml). The cells were fixed and stained with antibodies specific for p62, STING, and
phospho-TBK1. Scale bar: 5 lm.

C, D p62 KO THP1 cells were transduced with WT p62, S403A p62, or empty vector. The cells were stimulated with dsDNA for 8 h, and levels of STING were determined
by immunoblotting. Supernatants were harvested 18 h later, and levels of CXCL10 were measured by ELISA. The data in panel (D) are presented as means of two
replicates � s.d. *0.01 < P < 0.05; **0.001 < P < 0.005.

E Control and IRF3 KO THP1 cells were treated as in (A).
F–H WT, Irf3�/�, Ifnar�/�, and Irf3S1/S1 MEFs were stimulated with dsDNA (4 lg/ml) for the indicated time intervals, and lysates were immunoblotted with antibodies

specific for the antigens shown.
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were independent of p62 expression. This argues for a two-step

model where (i) basal autophagy plays a role in constitutive turn-

over of STING (dependent on ATG3 and p62), and (ii) DNA-

stimulated autophagy is essential for turnover of STING after

activation (dependent on ATG3, p62, TBK1, and IRF3). Of these two

modes of STING degradation, both are operative in MEFs and

MDMs, but only the stimulation-induced pathway is found to a

detectable level in THP1 cells.

At the mechanistic level, DNA stimulated K63-linked ubiquitina-

tion of STING and activation of TBK1 and IRF3. Interestingly, DNA

also mediated interaction between TBK1 and p62, and instigated

TBK1 dependent phosphorylation of p62 at S403, which in turn

gains increased affinity for K63-linked ubiquitin chains (Pilli et al,

2012). Consequently, DNA-stimulated degradation of STING was

dependent on TBK1. This process was also dependent on IRF3, but

not the transcriptional activity of the protein. Stimulation of the

D
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Figure 6. P62 exerts negative control of innate responses to infection with bacteria and DNA viruses.

A, B WT and p62�/� MEFs were infected with Listeria monocytogenes (MOI 25) or MCMV (MOI 10). Supernatants were harvested 18 h post-treatment, and lysates were
isolated at the indicated time points. Supernatants were analyzed for levels of CXCL10, and lysates were immunoblotted for the indicated antigens.

C, D Control and p62 KO THP1 cells were infected with HSV-1 (MOI 10) for the indicated time intervals. Supernatants were analyzed for levels of CXCL10, and lysates
were immunoblotted for p62, STING, phospho-TBK1, and b-actin.

E Lysates from human monocyte-derived macrophages transfected with dsDNA (4 lg/ml) were immunoprecipitated with anti-STING, and immunoblotted with
antibodies directed against STING, p62, and LC3.

F–H p62 was knocked down by siRNA in human monocyte-derived macrophages from four donors. (F) Immunoblotting for p62 and b-actin in lysates from the four
donors. (G, H) The siRNA-treated cells were treated with dsDNA (4 lg/ml) or infected with HSV-1 (MOI 10). Supernatants were harvested 12 h post-treatment, and
lysates were isolated at the indicated time points. Supernatants were analyzed for levels of type I IFN, and lysates were immunoblotted for p62, STING, and b-
actin.

Data information: The data in panels (A, C, G) are presented as means of 3–5 replicates � s.d. *0.01 < P < 0.05; **0.001 < P < 0.005; ***P < 0.001.
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cGAS-STING pathway triggers activation of TBK1, which in turn

recruits and phosphorylates IRF3. We propose that once the path-

way has been activated to the level of IRF3, p62 is recruited to

TBK1 and phosphorylated by the kinase, thus further strengthened

the affinity of p62 for ubiquitinated STING to promote its traffic to

autophagosomes. Since several ubiquitin E3 ligases have been

reported to ubiquitinate STING, more information is required to

fully understand the functionally important dynamics of ubiquiti-

nation for both activation and regulation of the cGAS-STING path-

way (Zhong et al, 2009; Tsuchida et al, 2010; Zhang et al, 2012;

Wang et al, 2014; Ni et al, 2017). The observation that STING

degradation is initiated only when the IFN induction pathway is

activated to the level of IRF3 is intriguing. In this way only

actively signaling STING would be degraded, and, in addition,

STING would not be degraded in cells infected with DNA viruses

that target the STING pathway at the step between TBK1 activa-

tion and IRF3 activation (Liang et al, 2012; Christensen et al,

2016). It should be noted that ubiquitin-dependent degradation of

STING is not limited to the autophagy pathway, since the E3 ubiq-

uitin ligases RNF5 and TRIM30a promote K48 polyubiquitination

of STING, which targets it for proteasomal degradation (Zhong

et al, 2009; Wang et al, 2015).

p62 is part of a larger family of ubiquitin-binding autophagy

receptors, which link ubiquitin to autophagy by harboring both

a ubiquitin-binding domain and an LC3-interaction region

(Levine et al, 2011). p62 is well established to be essential for

the clearance of aggresomes, through a mechanism involving

HDAC6. However, since Hdac6�/� cells, in contrast to p62-defi-

cient cells, responded normally to DNA, the p62-dependent

termination of STING signaling seems to be occurring through a

different mechanism than elimination of aggresomes. Interest-

ingly, there is evidence for a role for p62 in negative regulation

of the DNA-activated AIM2 inflammasome (Shi et al, 2012), and

in constitutive turnover of cGAS (Chen et al, 2016). Collectively

these reports suggest a broader role for p62 in negative regula-

tion of DNA-stimulated immune responses. It should also be

noted that STING turnover did occur in p62-deficient cells,

although to a reduced extent and with much delay. This shows

the existence of several mechanisms for STING turnover, as

already documented in the literature (Zhong et al, 2009; Qin

et al, 2014; Hu et al, 2016). In addition to the reported negative

regulation of immune responses, selective autophagy receptors

have been demonstrated to be involved in autophagy of ubiquiti-

nated bacteria and viruses (Thurston et al, 2009; Orvedahl et al,

2010; Wild et al, 2011; Chong et al, 2012; Watson et al, 2012).

Interestingly, this function of the receptors was promoted by

TBK1 (Thurston et al, 2009; Wild et al, 2011; Watson et al,

2012). In fact, TBK1 has recently been shown to phosphorylate

all the selective autophagy receptors linking ubiquitinated cargo

to autophagic membranes (Richter et al, 2016). Thus, the TBK1-

p62 axis plays a pivotal role in both activation and regulation of

host defense and inflammation.

In conclusion, this work demonstrates that the DNA-stimulated

cGAS-STING-TBK1 pathway, which induces activation of IRF3

and expression of type I IFNs, also triggers phosphorylation of

p62, which targets STING for autophagosomal degradation. The

work thus demonstrates that the very same pathway that turns

on IFN production has an in-built off-switch, which is engaged

only when the STING signalsome is active. Given the well-

described role of the STING pathway in inflammatory diseases

(Liu et al, 2014), proper function of the TBK1-p62 relay may be

essential to limit the IFN response following challenge with

cytosolic DNA.

Materials and Methods

Mice

C57BL/6 and cGAS�/� mice were bred at Taconic M&B. Isoflurane

(Abbott), or [ketamine (MSD Animal Health) and xylazine (Rom-

punVet)], was used to anesthetize mice, and all described animal

experiments have been reviewed and approved by Danish govern-

ment authorities and comply with Danish laws. No animals were

excluded from the analysis.

Reagents, virus, and bacteria

For stimulations and inhibitions, we used 60-mer dsDNA (DNA

technology) (Unterholzner et al, 2010), 2030 cGAMP, DMXAA,

MG132, Bafilomycin A1, and 3-methyladenime (all from Invi-

voGen). HSV-1 (strain F) and L. monocytogenesis (strain LO28)

were propagated as described previously (Hansen et al, 2014; Chris-

tensen et al, 2016). For production of MCMV (strain K181), Ifnar�/�

MEFs were infected with virus at MOI 0.01. The infection was

allowed to proceed until the cytopathic effects exceeded 90%, at

which point the culture flasks were frozen. Cell debris was cleared

from the thawed media by centrifugation at 4,500 × g for 60 min

(4°C). The supernatant was subjected to centrifugation at

26,700 × g on SORVAL RC6 plus (Thermo Scientific) for 5 h, and

the concentration of virus in the resuspended pellet was determined

by titration on Ifnar�/� MEF monolayers.

Cells

The cell lines used were MEFs, THP1, and human foreskin fibrob-

lasts (HFFs). MEFs and HFFs were maintained in DMEM, and THP1

cells were grown in RPMI 1640. All media were supplemented with

10% fetal calf serum and penicillin–streptomycin. The following

MEF lines were used (laboratory which generated the line): cGas�/�,
Stinggt/gt (Paludan); Atg3�/�, p62�/�, and Nbr1�/� (Masaaki

Komatsu); Ulk1/2�/� (Craig B Thompson); Ifnar�/� (Jason Upton);

Irf3�/� and Tbk1�/� (John Hiscott); Irf3S1/S1 and Hdac6�/� (Ganes

C Sen). The following genome-edited THP1-derived cell lines were

used: cGAS KO, STING KO, TBK1 KO, IRF3 KO, and p62 KO. See

section below for details on how the cells were generated. For dif-

ferentiation of monocyte-derived macrophages (MDMs), peripheral

blood mononuclear cells were isolated from healthy donors by

Ficoll–Paque gradient centrifugation (GE Healthcare). Monocytes

were separated by adherence to plastic in RPMI 1640 supplemented

with 10% AB-positive human serum. Differentiation of monocytes

to macrophages was achieved by culturing in Dulbecco’s modified

Eagle medium (DMEM) supplemented with 10% heat-inactivated

AB-positive human serum; 200 IU/ml penicillin; 100 lg/ml strepto-

mycin; and 600 lg/ml glutamine for 10 days in the presence of

10 ng/ml M-CSF (R&D Systems).
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Generation of gene-modified cells

THP1 cells deficient in cGAS, STING, TBK1, and IRF3 were

generated with CRISPR/Cas9 technology as described (Ablasser

et al, 2013; Holm et al, 2016). For generation of p62-deficient

THP1 cells, we constructed lentiviral vectors expressing Cas9

and gRNA using the lentiCRISPR v2 (Addgene plasmid # 52961).

The gRNAs used were p62 gRNA#1, 50-gATGGCCATGTCC
TACGTGA-30; p62 gRNA#2, 50-GTCATCCTTCACGTAGGACA-30.
All gRNAs match sequences in the first exon of the target genes.

The cells were transduced with the individual lentiviral vectors

and diluted into single cells. The clones were expanded in the

presence of puromycin (1 lg/ml) for 2 weeks, and the complete

knockout of the target gene in the clones was identified by

Western blot. The p62 gRNA#1 lentiviral vector was also used

to transduce human foreskin fibroblasts, in which case the trans-

duced cells were treated with puromycin (1 lg/ml) for 30 days,

and used for experiments without clonal selection. For rescue of

p62 expression (WT or S403A) in p62 KO, THP1 cells were

transduced with lentivirus encoding human wt and S403S p62

modified in exon 1 to prevent targeting from gRNA#1 (Applied

Biological Materials Inc.). Single-cell clones were selected, and

expression of p62 was confirmed by Western blotting. For rescue

of p62 expression in p62�/� MEFs, cells were transduced with

high-titer lentivirus encoding murine wt p62 (Applied Biological

Materials Inc.). The cells were incubated for 3 days and used for

experiments.

siRNA knockdown in primary human macrophages

For siRNA knockdown in MDMs, cells were transfected with a pool

of p62 specific siRNAs (L-010230-00-0020) or scrambled siRNA

controls (45 nM) using Lipofectamine RNAiMax (Life technologies)

on days 6 and 8 into the differentiation procedure. The cells were

used for experiments after 10 days of differentiation.

Electron microscopy

Cells were washed twice in PBS and fixed in 2% glutaraldehyde in

0.1 M sodium cacodylate buffer, pH 7.2 overnight at 4°C. Subse-

quently, the cells were washed in 0.1 M cacodylate buffer, pH 7.2,

and embedded in 2% agarose. This was followed by post-fixation in

1% osmium in 0.1 M cacodylate buffer, pH 7.2 for 60 min, washed

as above and subsequently in maleate buffer, pH 5.2. The agarose

embedded cells were én-bloc stained with 0.5% uranyl acetate in

maleate buffer for 60 min. The cells were washed again, dehydrated

in graded alcohols, transferred to propylene oxide 3 × 10 min,

followed by overnight incubation in 50% propylene oxide and 50%

Epon (TAAB, Berkshire, England), and finally infiltrated with Epon.

Sections with a thickness of 50–70 nm were cut for electron micro-

scopy with a Reichert Jung Ultracut E microtome. The sections were

stained with saturated uranyl acetate for 10 min and Pb-citrate for

2 min.

Stereology

EM images are taken using a Phillips 100 CM electron microscope

equipped with a SISIII digital camera at 1,500× and 5,000×

magnification in a systematic way with a random start. Using a 2D-

unbiased counting frame with a certain guard area to the edges of

the images, a number of cell profiles were sampled. For each

sampled cell profile, the volume fraction of the autophagosomes

and electron-dense endosome/lysosome-like vesicles was estimated

using the following formula:

VvðAuto/CellÞ ¼
P

PðAutoÞ
P

PðCellÞ

When ∑P(Auto) is the number of test points hitting

autophagosomes or endosome/lysosome-like vesicles and ∑P(Cell)
the number of test points hitting sampled cell profiles. The area

of each sampled cell profile was estimated by the 2D nucleator

with five test lines (Nyengaard, 1999). For the cell samples

analyzed in this work, the cell profile areas were not statistically

significant different between the groups. If we assume that the

height of the cells is not either different between the two groups,

then there is no difference in the reference volume (equal to cell

volume) between the groups and it is possible to compare the

volume fraction of the autophagosomes and endosome/lysosome-

like vesicles between the groups without a risk of falling into the

reference trap.

RNA isolation and quantitative RT–PCR

The RNA purification and qPCR was performed as described

(Reinert et al, 2016), with the following primers from Applied

Biosystems: Ifnb (Mm00439552_s1), Cxcl10 (Mm00445235_m1),

IFNB1 (Hs01077958_s1), CXCL10 (Hs01124251_g1). Levels of

mRNAs of interest were normalized to b-actin using the formula

2Ct(bactin) � Ct(mRNA X). The resulting normalized ratio (NR) was

either presented directly in the figures or further normalized to the

NR of untreated WT cells as specified in the figure legends.

Fluidigm

Biomarker (Fluidigm) was used for multiplex quantitative real-time

(qPCR) as described (Reinert et al, 2016). For brief description, see

the Supplemental Experimental Procedures. Briefly, total RNA was

isolated and specific targets were pre-amplified in one step using

the CellDirect One-Step qRT–PCR kit (Invitrogen) according to the

manufacturer’s instructions. Pre-amplified cDNA was diluted at

least 1:5 in low EDTA TE-buffer (VWR—Bie & Berntsen) before

PCR (qPCR) on the BioMarker (Fluidigm). qPCR was performed in

the 48.48 Dynamic Array Integrated Fluidic Circuits (Fluidigm)

combining pre-amplified samples with TaqMan gene expression

assays (Applied Biosystems) as described (Reinert et al, 2016),

including [Mx2 (Mm00488995_m1), Ifit1 (Mm00515153_m1),

Ifit2 (Mm00492606_m1), Irf7 (Mm00516788_m1), Tbk1

(Mm00451150_m1), and Irf3 (Mm00516784_m1)]. Data were

acquired using the Fluidigm Real-Time PCR Analysis software

3.0.2 (Fluidigm).

ELISA

CXCL10 protein levels were measured by ELISA using the

hCXCL10/IP-10 DuoSet (R&D Systems).
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Type I IFN bioassay

Bioactive human type I IFN was measured on cell supernatants by

use of HEK-BlueTM IFN-a/b cells as reporter cells according to the

manufacturer instructions (InvivoGen), and as described by the

manufacturer.

Immunoblotting

Whole-cell extracts or immunoprecipitation samples were analyzed

by immunoblotting. Samples were diluted in XT sample buffer and

XT reducing agent and ran on a SDS–PAGE (CriterionTM TGXTM).

Trans-Blot TurboTM Transfer System� was used for the transfer of

proteins to PVDF membranes (all reagents Bio-Rad). The membrane

was blocked in 5% DifcoTM skim milk (BD) or 5% bovine serum

albumin (BSA) (Sigma). For detection of STING dimerization,

samples were prepared for electrophoresis using non-reducing RIPA

lysis buffer with 0.2% SDS and complete mini inhibitor (Sigma).

The antibodies used for immunoblotting were as follows: rabbit

anti-cGAS (Cell Signaling, D1D3G/#15102, 1:1,000), rabbit anti-

STING (Cell Signaling, D2P2F/#13647, 1:1,000), sheep anti-STING

(R&D Systems, AF6516, 1:500), rabbit anti-pSTING (S366) (Cell

Signaling Technology, #85735), rabbit anti-TBK1 (Cell Signaling,

D1B4/#3504, 1:1,000), rabbit anti-pTBK1 (Ser172) (Cell Signaling,

D52C2/#5483, 1:1,000), rabbit anti-IRF3 (Cell Signaling, D83B9/

#4302, 1:1,000), rabbit anti-pIRF3 (Ser396) (Cell Signaling, D6O1M/

#29047, 1:1,000), rabbit anti-pULK1 (Ser555) (Cell Signaling, D1H4/

#5869, 1:1,000), guinea pig anti-p62 (Progen, GP62-C, 1:2,000), rat

anti-pp62 (Ser403) (MBL, D343-3, 1:1,000), rabbit anti-LC3 (MBL,

PM036, 1:1,000), rabbit anti-NBR1 (Cell Signaling, D2E6/#9891,

1:1,000), rabbit anti-NDP52 (Genetex, GTX630396, 1:1,000), mouse

anti-optineurin (EMD Millipore, MABT185, 1:1,000), mouse anti-c-

Myc HRP (Santa Cruz, 9E10, sc-40 HRP, 1:400), mouse anti-FLAG

M2 (Sigma-Aldrich, F3165, 1:1,000), rabbit anti-HA (Cell Signaling,

C29F4/#3724, 1:1,000), and mouse anti-b-actin (Abcam, AC-15/

ab49900, 1:10,000).

Ectopic expression of proteins in HEK293T cells

HEK293T cells were seeded into 6-cm culture dishes to ~70% con-

fluency. The cells were transfected with 4 lg pRK-7-Flag-hSTING

and 4 lg HA-ubiquitin (Addgene) using 12 lg polyethyleneimine

(PEI). After transfection for 24 h, the cells were lysed in IP-lysis

buffer (Thermo Fisher Scientific) with 10 mM NaF and 1× Complete

EDTA-free protease inhibitor cocktail tablets (Roche). The lysates

were incubated with anti-HA magnetic beads (Thermo Scientific) for

2 h at room temperature. After three times washing, the immuno-

precipitates were eluted. In another set of experiments, HEK293T

cells stably expressing STING cells were transfected with 2 lg pIRE-

Spuro3-p62-N3-FLAG using 2 lg PEI. Lysates and eluates were

analyzed by Immunoblotting.

Immunoprecipitation

Cleared cell lysates were incubated with antibodies against STING

(1:50) or p62 (1:50) overnight at 4°C. The antibodies used were

rabbit anti-STING (Cell Signaling, D2P2F/#13647) and guinea pig

anti-p62 (Progen, GP62-C). Protein G Dynabeads� (Novex by Life

Technologies) were added for the last 2 h (0.9 mg per IP reaction in

240 ll). Immunoprecipitated complexes were eluted from the beads

with a glycine buffer (200 mM glycine, pH 2.5), and protein expres-

sion was evaluated by Western blotting.

Purification of endogenous ubiquitin conjugates

Tandem ubiquitin-binding entities (TUBEs) were used to purify

endogenous ubiquitin conjugates from THP-1 cell lysates. Purifica-

tion of glutathione-S-transferase (GST) fused to 1×UBAubq Ub conju-

gates was pulled down in THP-1 cells using affinity reagents as in

(Fiil et al, 2013). For isolation of K63-Ub chains and K48-Ub chains,

LifeSensors were used according to the manufacturer’s recommen-

dations. PMA differentiated 10 × 106 THP-1 cells were lysed in ice-

cold 600 ll TUBE lysis buffer contains (20 mM Na2HPO4, 20 mM

NaH2PO4, 1% NP-40, 2 mM EDTA) supplemented with 1 mM DTT,

5 mM NEM (Sigma-Aldrich), complete protease inhibitor cocktail

(Roche), PhosSTOP (Roche). Pre-bound Glutathione Sepharose 4B

beads (GE Healthcare) was added to 50 lg/ml of GST-TUBE for 1 h.

Lysates were incubated on ice and cleared by sonication and

centrifugation, mixed the supernatant with beads followed the incu-

bation at 4°C for a minimum of 6 h with continual rotation. The

sepharose beads were washed three times in 1 ml ice-cold PBS

0.1%. (v/v) Tween-20. 1× LSB buffer used to elute the bound Ub

sample material.

Confocal microscopy

MEFs or PMA-differentiated THP1 cells were seeded on coverslips

and stimulated as indicated. The cells were fixed with 4% formalde-

hyde (Sigma), permeabilized with 0.1% Triton X-100 (Sigma), and

blocked with 1% BSA (Sigma). Cells were stained with primary anti-

bodies for 2 h and with secondary antibody (all 1:500, Alexa Fluor;

Invitrogen) for 1 h. Cell nuclei were stained with DAPI (Invitrogen).

Images were acquired on Zeiss LSM 710 confocal microscope using

a 63 × 1.4 oil-immersion objective and processed with the Zen2010

(Zeiss) and ImageJ software. The antibodies used were mouse anti-

cGAS (Santa Cruz, D-9/sc-515777, 1:50), sheep anti-STING (R&D

Systems, AF6516, 1:50), rabbit anti-TBK1 (Abcam, ab115623, 1:50),

rabbit anti-pTBK1 (Cell Signaling, D52C2/#5483, 1:50), rabbit anti-

pIRF3 (Cell Signaling, D6O1M/#29047, 1:50), rabbit anti-LC3 (MBL,

PM036, 1:100), guinea pig anti-p62 (Progen, GP62-C, 1:200), rabbit

anti-NBR1 (Cell Signaling, D2E6/#9891, 1:200), mouse anti-NDP52

(EMD Millipore, MAB4386, 1:100), rabbit anti-optineurin (Genetex,

GTX105447, 1:100), mouse anti-beclin-1 (Santa Cruz, E-8/sc-48341,

1:50), mouse anti-LAMP1 (Santa Cruz, H4A3/sc-20011, 1:50), rabbit

anti-ATG9a (Genetex, GTX128427, 1:100), mouse anti-ubiquitin

(Life Sensors, VU101, 1:100), mouse anti-K63 ubiquitin (EMD Milli-

pore, apu3/05-1308, 1:100), rabbit anti-K48 ubiquitin (Abcam,

ab140601, 1:200), rabbit anti-calnexin (Abcam, ab22595, 1:100),

mouse anti-GM130 (BD Biosciences, 610823, 1:200), and rabbit anti-

ERGIC-53 (Santa Cruz, B-4/sc-398893, 1:100).

Live cell imaging

MEF cells were transiently transfected using Lipofectamine 2000

with a combination of LC3-EGFP and STING-mCherry, seeded on

rat tail collagen-coated glass coverslips, and allowed to express for
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24 h. For live cell imaging, media were changed to phenol red-free

DMEM with 10% FBS, antibiotics and 25 mM HEPES. Imaging

was performed using a Nikon Ti Eclipse automated microscope

equipped with an Andor Zyla sCMOS camera, a 100 × Apo oil

TIRF objective (NA 1.49) and a 37°C heating chamber. DMXAA

was added just before image acquisition. Images were captured in

wide-field mode every minute for a minimum of 3 h. The experi-

ment was repeated on three different days with a minimum of

three cells captured per day. Image sequences were analyzed using

ImageJ Fiji.

Statistics

For analysis of statistically significant difference between two

groups of data, we used two-tailed Student’s t-test when the data

exhibited normal distribution, and Wilcoxon rank sum test when

the data set did not pass the normal distribution test.

Expanded View for this article is available online.
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